Data for this study can be found in the GEO (gene expression omnibus) repository under accession number: GSE76586.

Introduction {#sec001}
============

Human embryonic stem cells contain a specialized chromatin structure, which is in part responsible for their unique ability to differentiate into most adult cell types, the defining feature of pluripotency \[[@pone.0157276.ref001]--[@pone.0157276.ref003]\]. Specifically, the chromatin structure within pluripotent stem cells is more dynamically regulated \[[@pone.0157276.ref004], [@pone.0157276.ref005]\] and global transcription is greater \[[@pone.0157276.ref006]\], relative to more differentiated cell types. The pluripotent state is maintained by a pluripotency-promoting transcriptional network, which consists of transcription factors such as OCT4, SOX2, and NANOG (1). These transcription factors activate expression of pluripotency-promoting genes and repress expression of lineage-specific genes through interaction with sequence-specific DNA binding sites and transcriptional cofactors \[[@pone.0157276.ref001]\]. Pluripotent stem cells can be induced to adopt specific differentiation programs *in vitro* through either growth in the presence of extra-cellular signaling molecules or by the over-expression of lineage specific transcription factors \[[@pone.0157276.ref007]--[@pone.0157276.ref010]\].

The ribosome is composed of four non-coding RNAs, the 28S, 5.8S, 18S, and 5S rRNAs, which account for roughly 60% of the total RNA in any given cell \[[@pone.0157276.ref011]\]. The first three of these rRNAs are synthesized from a single 13 kb primary transcript, termed the 47S rRNA, which is transcribed from the rRNA gene. Human cells consist of roughly 200 haploid, head to tail, copies of the rRNA gene within the entire p-arm of chromosomes 13--15, 21 and 22. These genes are transcribed by RNA polymerase I (Pol I), which is recruited to the rRNA gene promoter by the combined action of the transcription factors SL1 (TIF-1B in mouse) and UBTF \[[@pone.0157276.ref012]--[@pone.0157276.ref015]\]. The recruitment of Pol I to the promoter ultimately requires RRN3/TIF-1A, which interacts with SL1 and Pol I, and is required for growth-factor-dependent control of rRNA synthesis \[[@pone.0157276.ref016]--[@pone.0157276.ref018]\]. In addition to regulating the recruitment of Pol I, UBTF can facilitate promoter escape \[[@pone.0157276.ref019]\], elongation rate \[[@pone.0157276.ref020]\], and can regulate the higher-order chromatin structure of the rRNA gene \[[@pone.0157276.ref021]\]. Electron micrographs initially illustrated the possibility that not all rRNA genes are bound by Pol I \[[@pone.0157276.ref022], [@pone.0157276.ref023]\], and psoralen cross-linking studies indicate that the rRNA genes exist in at least two distinct biochemical states \[[@pone.0157276.ref024], [@pone.0157276.ref025]\]. The inactive state is characterized by the binding of the heterochromatin-promoting complex, NoRC, \[[@pone.0157276.ref026]\] and CpG methylation \[[@pone.0157276.ref027], [@pone.0157276.ref028]\] of the rRNA gene promoter. In mouse, NoRC is recruited by a cis-acting promoter RNA (pRNA), which is roughly 200 nucleotides in length and consists of the transcribed rRNA gene promoter region \[[@pone.0157276.ref029]\]. The presence of NoRC at the promoter prevents binding of UBTF1 and SL1, and ultimately blocks Pol I binding. The function of the pRNA in human cells remains less well understood.

The overall rRNA synthesis rate is regulated during normal developmental processes \[[@pone.0157276.ref030]\]. One possible mechanism involves altering the ratio of active to silent copies of the rRNA gene \[[@pone.0157276.ref031]--[@pone.0157276.ref033]\], which are thought to be in the fully active state within pluripotent stem cells \[[@pone.0157276.ref032], [@pone.0157276.ref033]\]. Downregulation of both rRNA synthesis rate and active copy number are linked to the exit from pluripotency and differentiation \[[@pone.0157276.ref031], [@pone.0157276.ref032], [@pone.0157276.ref034]--[@pone.0157276.ref036]\]. Despite these observations the field lacks a mechanistic understanding of how hESCs initiate silencing of rRNA synthesis, how this silencing promotes the exit from pluripotency, and how it affects the expression of lineage-specific gene expression. In this study, we investigate the regulation of the rRNA genes in human embryonic stem cells (hESCs). We confirm that the exit from pluripotency and activation of endoderm-specific gene expression can be induced by treating H9 ESCs with the TGF-β family member, ACTIVIN A \[[@pone.0157276.ref037]\]. We report that ACTIVIN A treatment leads to a reduction of the rRNA synthesis rate within 6 hours, which precedes the reduction of specific pluripotency markers, and the increase in specific germ layer markers. Furthermore, ACTIVIN A treatment reduces the binding of UBTF to the rRNA gene promoter in hESCs prior to any increase in heterochromatin levels throughout the rRNA gene. Direct reduction of rRNA synthesis induces the expression of markers for all three germ layers, reduces the expression of pluripotency markers, and is overall similar to the ACTIVIN A induced changes.

Results {#sec002}
=======

ACTIVIN A treatment of hESCs facilitates the exit from pluripotency and endodermal-specific gene expression {#sec003}
-----------------------------------------------------------------------------------------------------------

To investigate the relationship between rRNA synthesis, the exit from pluripotency, and the induction of lineage-specific gene expression, we tested our ability to induce differentiation of hESCs towards the endodermal lineage using a previously published protocol of treating H1 hESCs with ACTIVIN A (50 ng/ml) \[[@pone.0157276.ref037]\]. We demonstrated that after 48 hours of ACTIVIN A treatment ([Methods](#sec008){ref-type="sec"}), H9 ESCs lost their ESC-specific colony morphology and developed a spindle-like appearance ([Fig 1A](#pone.0157276.g001){ref-type="fig"}). Consistent with their change in morphology, the H9 ESCs were 93.1% +/- 0.92 for TRA-1-60 staining, compared to 51.2 +/- 1.1 after 48 hours of ACTIVIN A treatment ([Fig 1B](#pone.0157276.g001){ref-type="fig"}, Student's t-test, N = 2, p = 0.00076, only live cells were quantified). To confirm that the ACTIVIN A treatment of H9 ESCs was inducing differentiation we tested for the expression of the endoderm-specific marker, CXCR4 \[[@pone.0157276.ref008], [@pone.0157276.ref038]\]. We were unable to detect surface expression of CXCR4 within 48 hours, which is consistent with previous descriptions of the kinetics of endodermal differentiation (data not shown, \[[@pone.0157276.ref039]\]). However, indirect immunofluorescence clearly demonstrated that CXCR4 levels were increased intracellularly within 48 hours ([Fig 1C](#pone.0157276.g001){ref-type="fig"}).

![ACTIVIN A treatment of H9 ESCs induces endodermal specification and loss of pluripotency within 48 hours.\
(A) A phase-contrast image of untreated H9 ESCs (left) and 48 hour ACTIVIN A treated H9 ESCs (right) cultured as previously described \[[@pone.0157276.ref037]\] (See [Methods](#sec008){ref-type="sec"}). (B) FACS analysis of TRA-1-60 antigen (sc-21750, Santa Cruz Biotech) of the two cell types described in panel A using BD Fortessa Analyzer. The y-axis indicates the number of cells and the x-axis indicates the FITC signal (TRA-1-60, untreated H9 ESCs: 93.1% +/- 0.92 positive vs ACTIVIN A: 51.2% +/- 1.1 positive; N = 2, p = 0.0076). The quantitation was limited to live cells by first removing debris and dead cells. (C) Immunostaining of the endodermal marker CXCR4 on untreated and 48 hour ACTIVIN A treated H9 ESCs. Images were acquired using identical exposure conditions for untreated and treated cells. Scale bars, 100 μm. (D) A volcano plot is shown, which presents the significance of each genes change in expression (p-adjusted) as a function of its fold change. The clear circles with black outlines, mostly found at the top of the plot, represent the change in gene expression after 6 hours. The filled gray circles indicate the change in gene expression after 48 hours. Genes from endoderm (filled red circles), mesoderm (filled blue squares), ectoderm (filled green triangles), and pluripotency-markers (filled black diamonds) are indicated within the plot. (E-H) The fold change in expression after 48 hours of ACTIVIN A treatment is shown for endoderm (E), mesoderm (F), ectoderm (G), and pluripotency markers (H). Significance testing was performed within DESeq2 using the Benjamini/Hochberg correction to generate the adjusted p-value (p-adjusted), which represents a false discovery rate (FDR) of 10% \[[@pone.0157276.ref040]\].](pone.0157276.g001){#pone.0157276.g001}

To generate a more precise understanding of the timing of transcriptional changes induced upon ACTIVIN A treatment, we performed polyA+ RNA-seq on 0 hour-, 6 hour-, and 48 hour- ACTIVIN A treated H9 ESCs. We used the DESeq2 algorithm to identify statistically significant changes to gene expression \[[@pone.0157276.ref040]\]. To increase our statistical power and ensure biological significance we included publically available RNA-seq data from untreated and 48 hour- ACTIVIN A treated H1 ESCs (2 replicates each, \[[@pone.0157276.ref037]\], GSE41009). A volcano plot, which presents the fold change as a function of the adjusted p-value for each gene ([Methods](#sec008){ref-type="sec"}, \[[@pone.0157276.ref040]\]), indicates that there is very little change in gene expression after 6 hours of ACTIVIN A treatment ([Fig 1D](#pone.0157276.g001){ref-type="fig"}). However, the number of significantly changed genes increased greatly by 48 hours. After 6 hours of ACTIVIN A treatment there were three significantly upregulated, and zero significantly downregulated genes: LEFTY1, LEFTY2, and RPA-559A3.6 ([Fig 1D](#pone.0157276.g001){ref-type="fig"}, [S1 Supporting Information](#pone.0157276.s001){ref-type="supplementary-material"}). The number of significantly upregulated and downregulated genes increased to 1097 and 712, respectively, after 48 hours ACTIVIN A treatment in H9 ESCs ([Fig 1D](#pone.0157276.g001){ref-type="fig"}, [S1](#pone.0157276.s001){ref-type="supplementary-material"} and [S2](#pone.0157276.s002){ref-type="supplementary-material"} Supporting Information). In contrast, there were 611 up- and 627 downregulated genes in H1 ESCs after 48 hours of ACTIVIN A treatment ([S2A Supporting Information](#pone.0157276.s002){ref-type="supplementary-material"}). There were only 53 genes that were commonly upregulated between H9 and H1 ESCs after identical ACTIVIN A treatments, consistent with previous reports indicating large human ESC line differences \[[@pone.0157276.ref041], [@pone.0157276.ref042]\]. However, the 53 common upregulated genes were enriched for GO terms related to differentiation ([S2B Supporting Information](#pone.0157276.s002){ref-type="supplementary-material"}). There was greater concordance between the downregulated genes between H1 and H9 ESCs: 712 genes were downregulated in H9 ESCs after 48 hours, 627 were downregulated in H1 ESCs, and 112 of these were common to both cell lines ([S3A Supporting Information](#pone.0157276.s003){ref-type="supplementary-material"}). These common downregulated genes were significantly enriched for genes related to cation transport and localization ([S3B Supporting Information](#pone.0157276.s003){ref-type="supplementary-material"}).

ACTIVIN A treatment is thought to induce mesendoderm formation and the exit from pluripotency \[[@pone.0157276.ref008], [@pone.0157276.ref043]\]. This expected result was confirmed with the changes in morphology, loss of TRA-1-60, increase in CXCR4 staining, and general induction of differentiation transcription patterns ([Fig 1A--1D](#pone.0157276.g001){ref-type="fig"}). To further illustrate the induction of differentiation we indicated the change in expression for select germ layer- and pluripotency-specific markers within the volcano plot ([Fig 1D](#pone.0157276.g001){ref-type="fig"}). This result clearly shows that the majority of the germ-layer specific markers have increased expression levels between 6 and 48 hours of ACTIVIN A treatment ([Fig 1D](#pone.0157276.g001){ref-type="fig"}). For increased clarity, we have plotted the fold change for each germ layer marker from [Fig 1D](#pone.0157276.g001){ref-type="fig"} within individual bar plots ([Fig 1E--1H](#pone.0157276.g001){ref-type="fig"}. \* p-adjusted \< 0.1; Benjamini/Hochberg method \[[@pone.0157276.ref040]\]). Using this strict statistical significance threshold there were two significantly upregulated endoderm genes, GATA4 and SHH ([Fig 1E](#pone.0157276.g001){ref-type="fig"}); 1 significantly upregulated mesoderm gene, HAND1 ([Fig 1F](#pone.0157276.g001){ref-type="fig"}); no significantly upregulated ectoderm genes ([Fig 1G](#pone.0157276.g001){ref-type="fig"}); and a single significantly downregulated pluripotency marker, ALPL ([Fig 1H](#pone.0157276.g001){ref-type="fig"}). These data are consistent with our ACTIVIN A treatment inducing differentiation of H9 ESCs towards the mesendoderm lineage, with the appearance of specific markers occurring between 6 and 48 hours.

Ribosomal RNA synthesis is significantly reduced within 6 hours of ACTIVIN A treatment in hESCs {#sec004}
-----------------------------------------------------------------------------------------------

Previous studies have indicated that the rate of rRNA synthesis is reduced concomitant with the differentiation of pluripotent stem cells \[[@pone.0157276.ref032], [@pone.0157276.ref034]--[@pone.0157276.ref036]\]. In this study, we wished to quantify the timing of the changes to rRNA synthesis rates during cellular differentiation. A previously published global run-on sequencing (GRO-seq) of H1 hESCs treated with ACTIVIN A was analyzed for the incorporation of the modified nucleoside into nascent rRNA by aligning reads to a consensus repeat of the human rRNA gene, as previously described ([Methods](#sec008){ref-type="sec"}) \[[@pone.0157276.ref037], [@pone.0157276.ref044]\]. This analysis demonstrated the distribution of Pol I within the rRNA gene ([Fig 2A](#pone.0157276.g002){ref-type="fig"}, top panel). There was a dearth of reads that aligned to the region in between the promoter and start of the 18S. The overall GRO-seq signal across the rRNA gene was unchanged after 1 hour of ACTIVIN A treatment, but was drastically lowered by 48 hours ([Fig 2A](#pone.0157276.g002){ref-type="fig"}).

![ACTIVIN A--induced differentiation coincides with rapid downregulation of rRNA synthesis.\
(A) The alignment of GRO-seq reads from GSE41009 to a consensus unit of the rRNA gene visualized using the Integrative Genomics Viewer \[[@pone.0157276.ref058]\]. The scale is set from 0 to 2000 reads per million. A schematic diagram of the rRNA gene is shown below the reads. The thin vertical line after the 28S region indicates the transcriptional termination site. (B) The metabolic labeling of total RNA from H9 ESCs either untreated or grown in ACTIVIN A (50 ng/ml) for the indicated length of time. Cells were first grown in phosphate-free media and then ^32^P was added (see [Methods](#sec008){ref-type="sec"}). A two hour time lag exists between the onset of ACTIVIN A treatment and the introduction of ^32^P. Total RNA was harvested and electrophoresed on a 1% agarose-formaldehyde denaturing gel. The RNA was transferred to a Zeta-Probe membrane and imaged using a phosphoimager. An identical gel was simultaneously stained with SYBR gold to visualize total RNA (shown below). The rRNA species is labeled to the left of the image. (C) The newly synthesized, radiolabeled, rRNA was quantified using the Typhoon phosphoimager, and then normalized to total RNA using the SYBR gold stain and imageJ software. The ratio of newly synthesized RNA to total RNA (28S rRNA) was then plotted after 6 hours of ACTIVIN A treatment (Student's t-test p = 0.026, N = 4). A control experiment was carried out in an identical manner using HEK293T cells (gray bars). The y-axis represents counts per minute per pixel (see [Methods](#sec008){ref-type="sec"}). (D) Two representative gels, as described in (B), are lined up below their corresponding quantitation in (C).](pone.0157276.g002){#pone.0157276.g002}

GRO-seq is typically used to measure Pol II pausing and it has not been fully vetted as a mechanism to measure the overall activity of Pol I. Nevertheless, these results suggest that the rRNA synthesis rate was decreased within 48 hours of ACTIVIN A treatment. These data are also consistent with our observations that ESCs exit pluripotency and induce the transcription of differentiation markers within 48 hours ([Fig 1](#pone.0157276.g001){ref-type="fig"}). To validate the precise timing of the change in rRNA synthesis rate we performed metabolic labeling of H9 ESCs through a pulse of ^32^P inorganic phosphate ([Methods](#sec008){ref-type="sec"}). The labeling was done in both untreated and ACTIVIN A treated H9 ESCs. Total RNA was then harvested, electrophoresed, and the radiolabeled RNA was measured via GE Typhoon phosphorimager ([Methods](#sec008){ref-type="sec"}) ([Fig 2B](#pone.0157276.g002){ref-type="fig"}). The total Pol I activity during each treatment (untreated vs. ACTIVIN A) was measured by summing the radiolabeled observable intermediates of rRNA biogenesis (the 45S, 32S, 28S, and 18S rRNAs) and normalizing these counts to the total RNA (measured by quantifying SYBR gold staining of the identical gel using ImageJ, see [Methods](#sec008){ref-type="sec"}). After 4 hours of labeling (which corresponds to 6 hours of ACTIVIN A treatment), the total incorporation of rRNA is reduced by \>50% ([Fig 2B and 2C](#pone.0157276.g002){ref-type="fig"}: 4.6 (c.p.m./pixel) vs. 2.1 (c.p.m./pixel), Student's t-test, N = 4, p = 0.026). By contrast, there is no significant change in the synthesis rate of rRNA within ACTIVIN A treated HEK293T cells ([Fig 2C](#pone.0157276.g002){ref-type="fig"}: 9.0 (c.p.m./pixel) vs 10.4 (c.p.m./pixel), gray bars). Interestingly, the rRNA synthesis rate was much higher in the transformed HEK293T cells than in H9 ESCs ([Fig 2D](#pone.0157276.g002){ref-type="fig"}: 9.0 (c.p.m./pixel) vs 4.6 (c.p.m./pixel)). We conclude that the change in rRNA synthesis occurs within 6 hours of ACTIVIN A treatment, which precedes the changes to many other germ layer specific transcripts.

The reduction of rRNA synthesis during endodermal-lineage specification is concomitant with a reduction in UBTF binding, not heterochromatin formation {#sec005}
------------------------------------------------------------------------------------------------------------------------------------------------------

To compare the timing of the downregulation of rRNA synthesis with the binding of the Pol I transcription factor, UBTF, we performed ChIP-seq on untreated H9 ESCs and compared the binding to H9 ESCs after 6 hours of ACTIVIN A treatment ([Fig 3A](#pone.0157276.g003){ref-type="fig"}). The overall binding of UBTF to the rRNA gene was reduced roughly 50% after a 6 hour ACTIVIN A treatment. This was consistent with the reduction in total rRNA synthesis measured by ^32^P metabolic labeling ([Fig 2](#pone.0157276.g002){ref-type="fig"}). We confirmed the ChIP-seq result using ChIP-QPCR, and measured the dissociation at both 2 and 6 hours. We observed a significant reduction in UBTF enrichment at the promoter and 5'-ETS after only 2 hours ACTIVIN A treatment. We observed significant reductions at the promoter, 5'-ETS, and 18S regions after 6 hours, consistent with the ChIP-seq data ([Fig 3B vs 3A](#pone.0157276.g003){ref-type="fig"}, \*\*\* p \< 0.001, \* p \< 0.05). The reduction in UBTF ChIP signal was not due to changes in UBTF transcript abundance (data not shown), or due to overall UBTF protein levels ([Fig 3C](#pone.0157276.g003){ref-type="fig"}).

![The reduction in rRNA gene synthesis is concomitant with dissociation of UBTF from the promoter, and precedes heterochromatin formation.\
(A) UBTF ChIP-seq from either untreated, or ACTIVIN A-treated H9 ESCs for 6 hours was aligned to a consensus unit of the human rRNA gene, and visualized as described in [Fig 2A](#pone.0157276.g002){ref-type="fig"}. (B) UBTF ChIP-QPCR across the indicated regions of the human rRNA gene. At each locus, the percent input of UBTF (and IgG) is shown. The percent input from each trial was then normalized to the percent input at *GAPDH*. The geometric mean is presented plus or minus the 95% confidence interval. Asterisks are used to indicate statistical significance (\*\*\* p \< 0.001, \* p \< 0.05). The location of each primer set within the consensus rRNA gene is indicated beneath the schematic from (A) (5'-ETS = 5'-external transcribed spacer; NTS = non-transcribed spacer). (C) A Western blot of UBTF, Fibrillarin (FBL), and GAPDH in untreated and ACTIVIN A-treated H9 ESCs at 6 hours. (D) ChIP-seq of H3K27me3 (H1 ESCs: SRR212453; 48 hours ACTIVIN A treatment: SRR212471) was aligned to the consensus rRNA gene as described in [Fig 2A](#pone.0157276.g002){ref-type="fig"} \[[@pone.0157276.ref037]\]. (E) A ChIP-QPCR of H3K27me3 across the indicated regions of the rRNA gene in untreated and ACTIVIN A-treated H9 ESCs for 2 hours was calculated and presented as described in (B). ChIP-QPCR of H3K9me3 (F), and H4K20me3 (G) was carried out and presented as described in (B), but was done at 48 hours and normalized to *PER1*.](pone.0157276.g003){#pone.0157276.g003}

Previous studies have shown that silencing of the rRNA gene in mouse ESCs (mESCs) is concomitant with increases to both H3K27me3 and H3K9me3 \[[@pone.0157276.ref032]\]. However, the earliest that these changes to heterochromatin formation are observed are after 7 days of differentiation from mESCs into Neural Precursor Cells (NPCs). The levels of various heterochromatin marks associated with the human rRNA gene (H3K27me3, H3K9me3, and H4K20me3) exhibit marked cell to cell variability \[[@pone.0157276.ref044]\], and the real-time changes to any heterochromatic histone modifications during hESC differentiation have not been investigated. To this end, we used publically available H3K27me3 ChIP-seq data to demonstrate that there is no change to H3K27me3 levels in H1 ESCs within 48 hours of ACTIVIN A treatment ([Fig 3D](#pone.0157276.g003){ref-type="fig"}, GSE41009). We confirmed the absence of earlier changes (2 hours) within H9 ESCs via ChIP-QPCR ([Fig 3E](#pone.0157276.g003){ref-type="fig"}). There were actually slight decreases in both H3K9me3 ([Fig 3F](#pone.0157276.g003){ref-type="fig"}) and H4K20me3 ([Fig 3G](#pone.0157276.g003){ref-type="fig"}) levels after 48 hours of ACTIVIN A treatment. We conclude that the dissociation of UBTF from the rRNA gene promoter occurs within 2 hours of ACTIVIN A treatment of H9 ESCs, and precedes heterochromatin formation.

Direct inhibition of Pol I induces exit from pluripotency and differentiation {#sec006}
-----------------------------------------------------------------------------

The reduction in both rRNA synthesis ([Fig 2](#pone.0157276.g002){ref-type="fig"}), and the partial dissociation of UBTF from chromatin within 6 hours of endodermal specification ([Fig 3](#pone.0157276.g003){ref-type="fig"}), occurred almost immediately upon exposure of H9 ESCs to ACTIVIN A. These observations were consistent with recent conclusions that the regulation of rRNA synthesis is an important factor in promoting differentiation \[[@pone.0157276.ref032], [@pone.0157276.ref034]--[@pone.0157276.ref036]\]. To test this hypothesis in our system, we utilized the Pol I inhibitor, CX-5461, to directly inhibit rRNA synthesis in H9 ESCs \[[@pone.0157276.ref045]--[@pone.0157276.ref048]\]. A titration of CX-5461 allowed for determination of a dose (1 μM), which reduced rRNA synthesis to an identical level as 50 ng/ml of ACTIVIN A treatment ([Fig 4A](#pone.0157276.g004){ref-type="fig"}). This treatment was sufficient to induce changes to H9 ESC colony morphology after 48 hours ([Fig 4B](#pone.0157276.g004){ref-type="fig"}). To determine how the direct reduction in rRNA gene transcription alters the cellular transcriptome in H9 ESCs we performed polyA+ RNA-seq in both 6 and 48 hour CX-5461 treated H9 ESCs. To identify genes that were significantly altered after CX-5461 treatment we performed a DESeq2 analysis along with the H1 and H9 RNA-seq samples described above ([Fig 1](#pone.0157276.g001){ref-type="fig"}, \[[@pone.0157276.ref040]\]). There were 83 significantly changed genes (45 up and 38 down) after 6 hours of CX-5461 treatment, which were not enriched for any particular GO term ([S1 Supporting Information](#pone.0157276.s001){ref-type="supplementary-material"}). However, after 48 hours of CX-5461 treatment there were 3389 upregulated ([Fig 4C](#pone.0157276.g004){ref-type="fig"}), and 1284 downregulated genes ([Fig 4D](#pone.0157276.g004){ref-type="fig"}). There were 660 upregulated ([Fig 4C](#pone.0157276.g004){ref-type="fig"}) and 390 downregulated genes in common ([Fig 4D](#pone.0157276.g004){ref-type="fig"}) between CX-5461- and ACTIVIN A-treated H9 ESCs. To compare the differentiation programs that were induced by each treatment, the up- and downregulated genes were input into a PANTHER GO analysis, as described above ([Fig 1](#pone.0157276.g001){ref-type="fig"}). The common upregulated genes were enriched for GO terms related to chromatin organization and cellular differentiation ([Fig 4C](#pone.0157276.g004){ref-type="fig"}). The common downregulated terms were related to cation transport, lipid metabolism, heart development, cellular adhesion, and neurological system development ([Fig 4D](#pone.0157276.g004){ref-type="fig"}). The full analysis of GO terms is shown within the supplemental information ([S4](#pone.0157276.s004){ref-type="supplementary-material"} and [S5](#pone.0157276.s005){ref-type="supplementary-material"} Supporting Information). CX-5461 and ACTIVIN A treatment had very similar effects on the expression of germ layer-specific markers ([Fig 4E--4H](#pone.0157276.g004){ref-type="fig"}, S4, and S5). CX-5461 treatment demonstrated a significant increase in 3 endodermal markers: GATA4, HHEX, and SHH ([Fig 4E](#pone.0157276.g004){ref-type="fig"}); 1 mesodermal marker: HAND1 ([Fig 4F](#pone.0157276.g004){ref-type="fig"}); 1 ectodermal marker: VIM ([Fig 4G](#pone.0157276.g004){ref-type="fig"}); and a significant decrease in 1 pluripotency marker: ALPL ([Fig 4H](#pone.0157276.g004){ref-type="fig"}). With the exceptions of VIM and HHEX, these significant changes were also observed after 48 hours of ACTIVIN A treatment.

![Direct inhibition of Pol I by CX-5461 induces loss of pluripotency and differentiation.\
(A) The metabolic labeling of H9 ESCs with ^32^P was carried out for 6 hours, as described in [Fig 2B](#pone.0157276.g002){ref-type="fig"}, but with the addition of a range of concentrations of CX-5461. The dose of CX-5461 is shown on the x-axis and the ratio of c.p.m (newly synthesized rRNA) to total 28S rRNA was calculated (see [Methods](#sec008){ref-type="sec"}) and plotted on the y-axis. (B) A phase-contrast image of CX-5461-treated H9 ESCs at 48 hours is shown. (C) A Venn diagram indicating the overlap between significantly upregulated genes after 48 hours of either ACTIVIN A or CX-5461 treatment. A list of the top PANTHER DB GO terms from the common genes is shown below. The full list is available in the Supporting Information. (D) The same analysis as described in (C) was performed for the downregulated genes. (E-H) The fold change in gene expression after 6 or 48 hours of CX-5461 treatment is shown for the same panel of genes from endoderm (E), mesoderm (F), ectoderm (G), and pluripotency-markers (H) that were depicted in [Fig 1](#pone.0157276.g001){ref-type="fig"}, alongside the fold change in gene expression after 48 hours of ACTIVIN A treatment (\* p-adjusted \< 0.1, Benjamini/Hochberg correction).](pone.0157276.g004){#pone.0157276.g004}

Discussion {#sec007}
==========

There have been multiple reports indicating a correlation between the reduction in rRNA synthesis rate, the exit from pluripotency, and the differentiation of pluripotent stem cells \[[@pone.0157276.ref034]--[@pone.0157276.ref036]\]. Work in mESCs indicates that transcriptional silencing of the rRNA genes actively induces differentiation \[[@pone.0157276.ref032]\]. Here, we demonstrate that during the ACTIVIN A-induced directed differentiation of ESCs the reduction in rRNA synthesis rate occurs within 6 hours ([Fig 2](#pone.0157276.g002){ref-type="fig"}). This precedes significant changes to specific pluripotency- and germ layer-marker expression ([Fig 1](#pone.0157276.g001){ref-type="fig"}). The reduction in rRNA gene transcription occurs concomitantly with dissociation of UBTF from the rRNA gene, which is already significantly reduced by 2 hours of ACTIVIN A treatment ([Fig 3](#pone.0157276.g003){ref-type="fig"}).

The partial dissociation of UBTF occurs independent of changes to heterochromatin formation ([Fig 3](#pone.0157276.g003){ref-type="fig"}). Here we use three histone modifications as markers for heterochromatin formation at the rRNA gene, H3K27me3, H3K9me3, and H4K20me3. These modifications localize to the rRNA gene in a cell-type specific manner \[[@pone.0157276.ref044], [@pone.0157276.ref049]\], thus it was difficult to know *a priori* which would feature most prominently in this model system. There were no significant increases for any of these histone modifications within 48 hours of differentiation, despite changes to the rRNA synthesis rate occurring within 2--6 hours. We therefore conclude that the reduction in rRNA synthesis rate during the differentiation of H9 ESCs precedes heterochromatin formation. We did not investigate the role of DNA methylation for two reasons: the mosaic CpG methylation pattern within the human rRNA gene promoter does not easily correlate with expression \[[@pone.0157276.ref050]\], and CpG methylation typically follows heterochromatin formation during gene silencing \[[@pone.0157276.ref050], [@pone.0157276.ref051]\]. Previous studies have shown that CpG methylation is critical for preventing cryptic Pol II transcription at silent rRNA genes \[[@pone.0157276.ref052]\]. Future studies will be aimed at furthering our understanding of the timing and mechanistic role that CpG methylation plays in the developmental regulation of the rRNA gene.

We compared ACTIVIN A induced changes to both H1 and H9 hESC lines. These two cell lines have different transcription profiles and responses to ACTIVIN A. However, they both significantly upregulate differentiation-specific genes within 48 hours ([S1](#pone.0157276.s001){ref-type="supplementary-material"} and [S2](#pone.0157276.s002){ref-type="supplementary-material"} Supporting Information). Genes related to cation transport and localization were reduced in both cell lines. It remains unclear what role cation transport has in the process of differentiation. However, future studies will be directed at ablating the expression of these genes and determining the impact on both pluripotency and differentiation.

We have demonstrated that the Pol I specific inhibitor, CX-5461, induces differentiation of H9 ESCs at a dose that reduces the rRNA synthesis rate by 50%; equal to that achieved by 50 ng/ml of ACTIVIN A treatment ([Fig 4](#pone.0157276.g004){ref-type="fig"}). Previous studies that have artificially reduced the rRNA synthesis rate through disparate mechanisms (actinomycin D treatment \[[@pone.0157276.ref034]\], reduction in SL1 complex \[[@pone.0157276.ref034], [@pone.0157276.ref036]\], reduction in Fibrillarin \[[@pone.0157276.ref035]\], or initiating heterochromatin formation \[[@pone.0157276.ref032]\]) and all have observed a loss of pluripotency and induction of differentiation. Here we have addressed the mechanism by which this reduction in rRNA synthesis functions by performing RNA-seq at 6 and 48 hours post-treatment. The Pol I specific inhibitor does indeed induce the expression of markers from all three germ layers, and many of the upregulated genes were related to cellular differentiation. Greater than 50% of the induced (and repressed) genes after 48 hours of ACTIVIN A treatment in H9 ESCs were also induced (or repressed) after 48 hours of CX-5461 treatment, which indicates a much higher concordance between ACTIVIN A and CX-5461 treatment within H9 ESCs than between H1 and H9 ESCs after ACTIVIN A treatment. This similarity was also apparent when viewing the expression of specific germ-layer markers. All of the significantly affected genes after 48 hours of ACTIVIN A treatment (4) were also significantly changed upon CX-5461 treatment.

Despite the now large body of evidence that the regulation of rRNA gene transcription within stem cells is a critical aspect of cell fate determination, there still remains much work to understand the molecular basis for this relationship. We have advanced the understanding of this process by providing a timeline for important regulatory events during directed differentiation of H9 ESCs. Furthermore, the identification of differentially expressed genes in response to the reduction in rRNA gene transcription represents a first step in understanding this relationship. It is now clear that one of the early steps in differentiation of pluripotent stem cells is the downregulation of rRNA synthesis, and that this event can alone induce gene expression programs that closely mimic that of "natural" signaling molecules of the TGF-beta family. Future studies will be focused on two outstanding questions: 1) how is the transcription of the rRNA genes regulated within hESCs? and 2) how does this regulation impact cellular physiology to facilitate differentiation? The work here provides the first step in understanding these important processes.

Materials and Methods {#sec008}
=====================

Cell Culture and Drug Treatment {#sec009}
-------------------------------

H9 ESCs were obtained from WiCell as per agreement 15-W0341. H9 ESCs were cultured on Matrigel coated plates (corning \#354277) in mTeSR 1 media (STEMCELL Technologies \# 05857), washed with DMEM/F12 (GE Healthcare \# SH3002302) and passaged with accutase (MP Biomedicals \# 091000449) and ROCK Inhibitor Y-27632 (BD \# 562822). For ACTIVIN A treatment, cells were grown to about 75--80% confluency. The cells were washed with PBS and 10 ml of RPMI-1640 (GE Healthcare \# SH30027.01) was added with 1X B-27 supplement (Life Technologies \# 17504--044) along with ACTIVIN A (Sigma \# SRP3003) to a final concentration of 50 ng/ml. For CX-5461 treatment the cells were washed with PBS and received RPMI with B-27 as above with CX-5461 (Selleckchem \# 52684) to a final concentration of 1 μM. The media was replaced daily with fresh reagents until cells were harvested. HEK293T cells were maintained in DMEM with high glucose (GE Healthcare \# SH30243.01) with 10% FBS (GE Healthcare \# SH30070.03) and passaged with 0.25% trypsin-EDTA (Gibco \# 25200--056).

Metabolic Labeling {#sec010}
------------------

For ^32^P labeling cells were grown in the presence of drug for 2 hours. 20 μl of phosphorus-32 radionuclide \[^32^P\] 1 mCi/ml (Perkin Elmer \# NEX053001MC) was then added to each plate, along with serum-free, phosphate-free RPMI-1640 with B-27, mixed well, and were incubated an additional 1, 2, or 4 hours before being harvested with TRIzol (Life Technologies \# 10296028). The RNA was further isolated with chloroform extraction and ethanol precipitation. The RNA was electrophoresed on a 1% formaldehyde/MOPS agarose gel, stained with SYBR gold (Life Technologies \# S-11494), and imaged with a Bio-Rad chemi doc MP imaging system. The 18S and 28S bands were quantified with imageJ. The RNA was then transferred overnight with 10X SSC to a Zeta-Probe blotting membrane (Bio-Rad \# 162--0165). The membrane was exposed to a phosphoscreen (GE) and imaged using a Typhoon Trio + imager (GE). The rate of rRNA synthesis was calculated by adjusting the intensity of the radiolabeled species for exposure time and specific activity of the ^32^P (as per the assay date). This adjusted signal intensity was then divided by pixel intensity of the total rRNA signal, which was also adjusted for exposure time.

TRA-1-60 Staining {#sec011}
-----------------

Human ESCs were cultured with or without ACTIVIN A (50ng/ml) or CX-5461 (1 μM) for 48 hours, washed with PBS and harvested with 0.25% trypsin-EDTA. Approximately 200,000--400,000 cells were stained on ice with anti-TRA-1-60 antibody (1:100, Santa Cruz Biotechnology sc-21705) for 1 hour and FITC conjugated secondary antibody (1:300, BD \# 555988) for 30 minutes. The cells were then stained with 1 μg/ml propidium iodide (PI) at room temperature for 5 minutes before being analyzed on a LSR Fortessa Analyzer (BD). Dead cells that were stained PI positive were excluded from further analysis. Cells stained only with the secondary antibody were used to set up the TRA-1-60 negative gate. Data were analyzed by the BD FACSDiva software.

Immunofluorescence {#sec012}
------------------

For immunostaining, untreated and ACTIVIN A treated H9 ESCs (48 hours) were fixed in 4% paraformaldehyde, blocked in Protein Block (Dako), and incubated with CXCR4 antibody (BioLegend) overnight at 4°C followed by Alexa Fluor 488-conjugated secondary antibody (Thermo Fisher) for 2 hours at room temperature. Nuclei were stained with DAPI. Images were acquired by a Nikon Ti-S microscope.

ChIP {#sec013}
----

ChIP was performed as previously described but using 1.2% formaldehyde \[[@pone.0157276.ref053]\]. Immunoprecipitations were performed with the following antibodies: anti-UBTF (Millipore \# MABE195), anti-H3K27me3 (Millipore \# 07--449), anti-H3K9me3 (Abcam ab8898), and anti-H4K20me3 (ab9053). Samples were either used for sequencing on an Illumina Hi-seq or used for QPCR with SYBR Select master mix (ABI \# 4472897). ChIP-QPCR data was plotted as the percent input, which was then normalized relative to a negative control locus (either *GAPDH* or *PER1*, see "Primer Sequences").

Western Blot {#sec014}
------------

Western blotting was performed as previously described \[[@pone.0157276.ref053]\], using anti-UBTF (Millipore \# MABE195), anti-FBL (Santa Cruz \#sc-166001), and anti-GAPDH (Abcam ab128915) antibodies.

RNA-seq {#sec015}
-------

The poly A+ RNA-seq (library prep and sequencing) was performed by Hudson Alpha Institute for Biotechnology). Briefly, total RNA was polyA+ purified two times, converted to cDNA, and then adapters were added using the Illumina TruSeq v.2 kit.

Primer Sequences (all sequences 5' to 3') {#sec016}
-----------------------------------------

-57: `F-CCCGGGGGAGGTATATCTTT; R-ACAGGTCGCCAGAGGACAG`

5'-ETS (851): `F-GAACGGTGGTGTGTCGTTC; R-CGTCTCGTCTCGTCTCACTC`

18S (4100): `F- GAGAAACGGCTACCACATCC; R- CAATTACAGGGCCTCGAAAG`

NTS (16665): `F- GATGGGTTTCGGGGTTCTAT; R- GGCAGGCAAATGTAGAAGGA`

GAPDH: `F- TACTAGCGGTTTTACGGGCG; R: TCGAACAGGAGGAGCAGAGAGCGA`

PER1: `GGAGTGCCCCCACAATGATTA; R: TCCCTGGAAACGTGGGTAGT`

Data analysis {#sec017}
-------------

### DESeq2 {#sec018}

RNA-seq was aligned to hg19 using TopHat \[[@pone.0157276.ref054]\] with the --b2-very-fast and--no-coverage-search options used. The aligned BAM files were converted to BED using BEDTools \[[@pone.0157276.ref055]\] *bamToBed* with the--split option. The BED files were then intersected with a non-redundant list of genes in hg19, which was created by grouping each gene name using BEDTools *groupBy*. The intersect was done using *intersectBed* with the--c option, which counts the number of RNA-seq tags that align within each gene. This was done for each of all RNA-seq datasets in this manuscript, untreated H9 ESCs (GSM2028278; GSM2175118; GSM2175119), 6 hour ACTIVIN A (GSM2028279; GSM2175120; GSM2175121), 6 hour CX-5461 (GSM2028280; GSM2175122; GSM2175123), 48 hour ACTIVIN A (GSM2028281; GSM2175124; GSM2175125; GSM2175126), and 48 hour CX-5461 (GSM2028282; GSM2175127; GSM2175128; GSM2175129) as well as for previously published H1 RNA-seq datasets, untreated H1 (GSM1006724; GSM1006725) and 48 hour ACTIVIN A H1 (GSM1006726; GSM1006727). This data was next placed in a countTable format which shows the total coverage across 42,785 unique genes (rows) for each dataset (columns). This was input into DESeq2 within R studio for differential expression analysis, using a Benjamini/Hochberg corrected p-value cut-off of 0.1 (p-adjusted) \[[@pone.0157276.ref040]\]. The scatterplot was generated using R studio. The countTable is shown in [S1 Supporting Information](#pone.0157276.s001){ref-type="supplementary-material"}.

### GRO-seq {#sec019}

All replicates for the 0 hour, 1 hour, and 48 hour datasets for GRO-seq were downloaded from the Genome Expression Omnibus (GEO) as SRA files corresponding to sample sets GSM1006729, GSM1006730, and GSM1006731, respectively. All SRA files were converted to FASTQ files using *fastq-dump*.*2* tool from the SRA Toolkit. FASTQ files for all replicates of each time point were concatenated together. Concatenated FASTQ files were aligned using *bowtie2* with default parameters to both hg19 (for analysis outside of the rRNA gene) and a previously described custom genome which includes the rRNA gene consensus as an extra chromosome (for the rRNA gene analysis) \[[@pone.0157276.ref056]\]. Aligned tags in SAM format were converted to BAM using SAMtools. BAM files were converted to BED using *bamToBed* tool from BEDtools. Strand-specific reads were selected using the BEDtools suite.

### ChIP-seq {#sec020}

FASTQ files were quality filtered using *fastq_quality_filter* from FASTX-Toolkit with the "-q" parameter set at 20 and the "-p" parameter set at 80. Quality filtered FASTQ files were then collapsed to help eliminate PCR bias using the *fastx_collapser* tool from FASTX-Toolkit with default parameters. The resulting FASTA files were aligned using *bowtie2* with default parameters to a previously described custom genome which includes the rRNA gene consensus as an extra chromosome \[[@pone.0157276.ref056]\]. Aligned tags in SAM format were converted to BAM using SAMtools. BAM files were converted to BED using *bamToBed* tool from BEDtools.

### GO analysis {#sec021}

The PANTHER DB was used for all GO analyses. The list of up- or downregulated gene names was uploaded into the PANTHER DB server, and a statistical overrepresentation analysis was done for "Biological processes, and PANTHER pathways". The overlap between genes within each RNA-seq dataset were determined using the *join* command in UNIX, and presented as Venn diagrams that were created in R studio.

Data acquisition {#sec022}
----------------

All acquired datasets were downloaded from the Genome Expression Omnibus (GEO) \[[@pone.0157276.ref057]\]. GRO-seq data for 0 hour, 1 hour, and 48 hour time points were sample sets GSM1006729, GSM1006730, and GSM1006731, respectively. H1 RNA-seq at 0 hour and 48 hour time points were samples sets GSM1006724/GSM1006725 and GSM1006726/GSM1006727, respectively. The UBTF ChIP-seq and all RNA-seq datasets generated in this study can be accessed through the Gene Expression Omnibus (GEO) using the accession number GSE76586.

Supporting Information {#sec023}
======================

###### A summary of RNA-seq and PANTHER GO analysis.

\(A\) This tab represents the countTable summary from all RNA-seq datasets analyzed in the manuscript. The countTable was generated using BEDtools, as described in the methods. The countTable is the primary data that is input into DESeq2 for downstream analysis. (B-F) These tabs represent the results output file from DESeq2 for each pair-wise comparison. Each comparison was made relative to untreated line-matched ESCs.

(XLSX)

###### 

Click here for additional data file.

###### 

\(A\) A Venn diagram showing the differences in the genes that were upregulated in either H9 or H1 ESCs after 48 hours of ACTIVIN A treatment. (B) A PANTHER DB GO analysis for PANTHER Slim Biological Processes was performed on the 53 genes that were significantly upregulated after 48 hours of ACTIVIN A treatment in both H1 and H9 ESCs. The significance cutoff was a p-adjusted \< 0.1, using the Bonferroni correction. The horizontal axis represents the--log~10~ of the adjusted p-value.

(TIF)

###### 

Click here for additional data file.

###### 

\(A\) A Venn diagram showing the overlap between significantly downregulated genes after 48 hours of ACTIVIN A treatment in either H9 or H1 ESCs. (B) A PANTHER GO analysis for Slim-Biological processes was performed on the common downregulated genes. The significance cutoff was a p-adjusted \< 0.05, using the Bonferroni correction. The--log~10~ p-value for over-representation is shown for the GO terms that were common to both cell lines.

(TIF)

###### 

Click here for additional data file.

###### A PANTHER DB GO analysis for PANTHER Slim Biological Processes was performed on all significantly upregulated genes after 48 hours of either ACTIVIN A or CX-5461 treatment on H9 ESCs.

\(A\) GO terms that were enriched in both ACTIVIN A and CX-5461 treatments. (B) GO terms that were enriched only after ACTIVIN A treatment. (C) GO terms that were enriched only after CX-5461 treatment. The variable axis represents the--log~10~ adjusted p-value of the statistical over-representation of each term, as computed by the PANTHER DB using the Bonferroni correction for multiple hypothesis testing.

(TIF)

###### 

Click here for additional data file.

###### A PANTHER DB GO analysis for PANTHER Slim Biological Processes was performed on all significantly downregulated genes after 48 hours of either ACTIVIN A or CX-5461 treatment on H9 ESCs.

\(A\) GO terms that were enriched in both ACTIVIN A and CX-5461 treatments. (B) GO terms that were enriched only after ACTIVIN A treatment. (C) GO terms that were enriched only after CX-5461 treatment. The variable axis represents the--log~10~ adjusted p-value of the statistical over-representation of each term, as computed by the PANTHER DB using the Bonferroni correction for multiple hypothesis testing.

(TIF)

###### 

Click here for additional data file.
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